This paper proposes a mechanical solution to save fuel by shutting down an internal combustion engine whenever it is unnecessary for propulsion, e.g., when a vehicle is waiting for traffic lights. The engine and vehicle are restarted using the energy that is stored in a flywheel. Two additional clutches are needed to enable appropriate power flow from the flywheel to the engine and vehicle. This complicates the powertrain dynamics in that the number of degrees of freedom changes due to clutch operations. Therefore, a hybrid control strategy, which is treated as a top-level controller, is introduced to deal with this finite-state mechanical system. At the lower level, the engine and clutches are controlled in a coordinated manner such that the vehicle is launched according to the driver's demands. Using a comprehensive powertrain simulation package, the proposed controller is evaluated numerically. This implies a transmission efficiency of around 70%, which is typical for an automatic transmission on a city cycle.
Introduction
Increasing worldwide pollution has focused the attention to improving fuel economy and reducing exhaust emissions of mobility. The topic ranges from conventionally controlled powertrains, pure electric vehicles (EVs), to hybrid mechanical, hybrid EV (HEV) and hybrid fuel cell vehicles. The fuel economy research concentrates on improving the efficiency of converting the energy contained in fuel into mechanical energy and, subsequently, of transferring this energy to the wheels. Looking at the ways by which energy is lost throughout the powertrain provides insight into how fuel economy may be improved.
The gasoline engine is relatively inefficient. As shown in figure 1 [1] , in an actual city driving cycle, approximately 62.4% of the chemical energy contained in gasoline is lost into heat and only 37.6% is converted by the gasoline engine into mechanical energy. Around 2% is used by the engine itself for overcoming the friction and operating the accessories. Another 17% is lost at idling during standstill of the vehicle, because of traffic lights or congestion. Hence, just over 18% of the chemical energy from gasoline reaches the transmission, another *Corresponding author. Email: shuiwen.shen@ricardo.com. Ricardo UK LTD, Cambridge, CB4 1YG, UK. 5% † of which is lost because of friction forces and slippage inside the transmission. Overall, only about one-third of the mechanical energy reaches the wheels to do the useful work, including 2.6% to overcome air drag, 4.2% to the rolling resistance and 5.8% to the inertia. ‡ The causes for energy loss represent opportunities to improve the fuel economy. The thermal efficiency of the engine can be increased, e.g., by raising the compression ratio. However, increases much beyond today's ratio of 9:1 or 10:1 introduce additional problems such as higher emissions and a greater tendency toward combustion knock [2] . Moreover, advanced technologies such as lean burn [3, 4] , direct injection [4, 5] and four valves per cylinder can improve the engine efficiency significantly. The trends for decreasing the energy required to propel the vehicle, e.g., reducing the vehicle mass by using lightweight materials, improving the aerodynamics by optimizing the vehicle shape and cutting the rolling resistance through an advanced tire design, have started to emerge and will continue [6] .
Vehicle System Dynamics
The efforts towards powertrain optimization and control are still undergoing. These efforts focus on utilizing the engine in a more efficient way, mainly by operating the engine on or close to an ideal operation line (IOL) where the overall powertrain reaches its highest efficiency for the required power level or, alternatively, around the peak efficiency area for all power required. It has been widely accepted that a continuously variable transmission (CVT) is superior to a manual transmission and to an automatic transmission with respect to its ability to operate the engine on the IOL or as close to it as possible.
Most vehicles require a relatively big engine only for quick acceleration and for hill climbing. This results in that the engine often delivers less power than its maximum. A torque assisting system [7] [8] [9] [10] [11] [12] [13] , which provides an additional power, not only reduces the engine size significantly but also enables intermittent engine operation [14] (or Start-Stop operation [13] ). On the basis of this point, the hybrid electric/mechanical powertrain (HEV) has attracted serious attention as it is expected to save over 10% of fuel consumption [15] . The Honda Insight [16] and Toyota Prius [17, 18] are two types of HEVs available on the market today. Furthermore, an additional potential to save fuel and reduce emissions is offered by shutting down the engine whenever the vehicle is standing still (hereinafter denoted as IdleStop), e.g., in front of traffic lights. According to this strategy, the engine is only operational when it is required to propel the vehicle, whereas it is shut down and/or separated from the powertrain in all other conditions. The fact that this strategy can save more than 10% fuel consumption [2, 15] indicates its significance. The VW Golf Ecomatic employed an idle-off system [19] to cut off the fuel when the vehicle is standing still or when the accelerator pedal is released. It uses a flywheel rather than the starter motor to restart the engine. Also, it employs two servo-controlled clutches to connect and disconnect the engine to and from the powertrain when necessary. Test results showed that a Euromix average consumption for the Ecomatic provided an overall fuel economy benefit of 12% [2] . One possible reason for the Golf Ecomatic not being widely accepted in Europe is the delay that occurs when the vehicle is to be launched. Using an integrated starter-alternator, which not only can take over supplying the vehicle accessories from the engine but can also shortly boost the vehicle acceleration, has been demonstrated, e.g., in the BMW Dynastart, Citroen Dynalto and Delphi Energy system [20] .
Intensive investigations have been conducted on Start-Stop operation [9, [21] [22] [23] , but only limited publications are available in this research area. The current paper contributes to the fuel economy research by proposing a concept for an IdleStop and Go (SG) system utilizing a zero inertia (ZI) powertrain [11] [12] [13] [24] [25] [26] ]. The proposed system switches the engine off when the vehicle comes to a standstill. The engine is restarted by a flywheel when the driver presses the pedal again. Simultaneously, the vehicle is launched immediately by the same flywheel. The nonlinear characteristics of this powertrain due to discrete changes of clutch states contribute to the control challenge and motivate the focus of this paper to the hybrid control problem.
The remainder of this paper is organized as follows. In section 2, the mechanical solution for the IdleStop and Go concept is proposed and the system model is described. After a discussion on the driveline management system (DMS) in section 3, the control laws for different stages are detailed in section 4. The controller is evaluated through numerical experiments, using a realistic simulation package of the powertrain. Some simulation results are presented and discussed in section 5. Finally, section 6 gives the main conclusions and some suggestions for future investigations.
Modelling and analysis
The system under consideration is hybrid because it has several clutches to be operated from slip to stick and vice versa. This section mainly deals with this type of switched hybrid systems. First of all, after describing the composition of the SG powertrain, the models of the components and of the overall system are discussed. On the basis of these models, an analysis is conducted concerning the operation of the clutches and the minimum flywheel speed required to facilitate the SG functionality. Figure 2 schematically depicts the SG powertrain. The powertrain comprises an internal combustion engine driven by wire, a torque converter including a lockup clutch C l , a Van Doorne type metal push-belt CVT, having a DNR (drive-neutral-reverse) set with a drive clutch C d and a reverse clutch C r , a final reduction gear set and a differential. Besides, in parallel to the CVT, a steel flywheel of the ZI powertrain is connected through an additional planetary gear set [13, 24, 26] . The planetary gear set operates as a power-split device, dividing the power to and from the flywheel via the primary and secondary pulleys whenever the ratio of the CVT is changed. Two additional clutches, referred to as secondary clutch C s and flywheel clutch C f , are required for the SG powertrain. The secondary clutch C s separates the secondary pulley from the secondary shaft, effectively cutting the power flow through the CVT, whereas the flywheel clutch C f separates the secondary shaft from the planetary gear, effectively disconnecting the flywheel from the transmission. The angular velocities of the secondary pulley, shaft and gear are represented by ω s , ω ss and ω sg , respectively. The principle of the SG involves shutting down the engine during the various vehicle halts while opening the flywheel clutch C f to allow the flywheel to rotate independently. The fuel that is normally combusted during idling is thus saved. By appropriately closing the clutch C f , the energy stored in the flywheel is then used for simultaneously launching the vehicle and accelerating the engine up to a speed from where it can resume ignition and injection. This implies that the vehicle is speeded up immediately. Figure 3 presents a simplified model of the SG powertrain. The drive shaft compliance, the spring at the lockup clutch, the aerodynamics of the high-speed flywheel and the bearing frictions are neglected. The powertrain inertias are lumped into the engine, the torque converter, the primary and secondary pulleys, the flywheel and the wheels, which are symbolized, respectively, as J e , J t , J p , J s , J f and J w . The rotating speeds associated with these inertias are, respectively, ω e , ω t , ω p , ω s , ω f and ω w , and their corresponding default positive directions are denoted by arrows. r cvt , r a , r c and r f denote the ratios of, respectively, the CVT, the primary and secondary reduction of the planetary gear set, and the final reduction. In this section, the focus is on modelling the DNR, torque converter, engine-induced torque and the vehicle road load. Furthermore, the system has a number of modes relating to the clutch states, which are detailed in Appendix B.
System description

Modelling components
The DNR set is modelled as a two-channel connector between the inertia J t and J p , where the parameter ρ = −2.13 characterizes its planetary gear set. The DNR operates in drive mode if the clutch C d is closed and in reverse mode if the clutch C r is closed. Its reverse ratio r r equals 1/(ρ + 1) = −0.88. The neutral mode of the DNR is reached when both of the clutches Contrary to the mathematical description of the DNR, models of the torque converter † and the engine-induced torque both are obtained empirically. The capacity factor c f and torque ratio λ t shown in figure 4(a) depend on the speed ratio r t = ω t /ω e . T imp and T tur represent the torques at the impeller and turbine, respectively, when the lockup clutch is released. These torques are expressed as
The engine-induced torque depends on the throttle opening α and the engine speed ω e . The static engine map (taken from a typical 1.6 Mercedes-Benz engine) is shown in figure 4 
In order to model the clutches, we introduce T cx , (x = l, d, r, s, f ) to express the respective torques at clutches C l , C d , C r , C s and C f when they are slipping. T cx have the form of
where ω slip cx is the slipping speed and T v cx represents the magnitude of the clutch torque, which is given by
where P x , being the actual control input to the clutches, represents the pressure exerted on the actuation cylinder, with surface area A x . Other clutch parameters are the number of the plates z x , the equivalent radius of the plates R x and the dynamic friction coefficient µ x . For simplicity, variations of µ x are neglected when considering T v cx as the control inputs for the clutches. The road load T rl of the vehicle consists of a rolling resistance T roll , an air drag of a d ω 2 w and a disturbance T dist due to hill climbing, wind gusts etc.:
Modelling hybrid system
Hybrid systems have been intensively studied in the past decade both for mathematical foundations and for engineering designs. The computer scientists developed models, which are usually based on extensions of traditional finite-state machine [27] or Petri net formalisms [28] . System scientists, in contrast, have tended to employ equational models, in which system trajectories are governed by some set of differential equations. In this part, we focus on the switched system [29] that can be implicitly modelled by the following set of equationṡ
where x i ∈ n i denote the continuous-valued states, u ∈ m the continuous-valued inputs, w ∈ l the continuous-valued disturbances and y ∈ n the continuous-valued outputs, whereas i ∈ is a discrete-valued index-state taking values in the discrete set . The functions f i : n i × m × l → n i and y: n i × m × l → n represents a number of continuous dynamical subsystems (vector fields). These individual systems are referred to as modes. The dynamics of the discrete events are embodied in equation (4) . The transition to i n+1 is characterized by a discrete event function depending on the current outputs y, inputs u, disturbances w and the current discrete state i n , q: n × m × l × → . The following equation
defines the transition for all continuous outputs and probably disturbances that enable the system to jump from discrete state i to j . q ij usually expresses a boundary that is a (n − 1)dimensional manifold (a hyper-surface). Thus, the switching action may be initiated whenever the system's outputs evolve across that boundary. The switched systems of the form shown in equations (2)-(4) are well known to exhibit chattering solutions in which the system switches frequently between two different types of vector fields. Thus, a sufficient condition guaranteeing that such solutions do not exist is similar to what is adopted in sliding mode control. As a powerful tool, Matlab/Stateflow is employed to implement the transitions between modes in this paper. A simple switched system is given in Appendix A to show how the idea works. The details about the hybrid model of the SG powertrain are given in Appendix B.
Analysis of the requirements for launching the vehicle and restarting the engine simultaneously
When the vehicle is standing still and the engine shuts down, all clutches are open and all powertrain components are standing still, except the flywheel and two of the three gears within the planetary gear set. Suppose that the flywheel stores sufficient kinematic energy, the first question has been addressed is how to operate the clutches to simultaneously launch the vehicle and restart the engine. The relevant torques and velocities around the flywheel and the planetary gear set satisfy (see figure 2 for reference)
where α p = z/r a , α s = (z + 1)/r c and z is a characteristic ratio of the planetary gear set.
Opening the clutch C f and setting the DNR to neutral mode enables free rotation of the flywheel (i.e., T cf = 0 andω f = 0). As the initial speed of the secondary gear is positive (ω sg0 = ω f0 /α s > 0, in which ω f0 is the initial speed of the flywheel), manipulation of the clutch C f directly results in a positive driving torque. Also, it results in a dramatic reduction in the flywheel speed and sharp increase in the primary pulley rotating speed albeit in a negative direction (J pωp = −T pg = −(α p /α s )T cf < 0).All these contribute to a quick decrease of ω sg and to synchronize the clutch C f consequently. As a result, energy no longer flows to the vehicle, and the flywheel rotates freely again though may be at different speed as T pg = 0 (ω f = 0). Thus, in addition to the manipulation of C f , the operations of the clutches C l , C d and C r are essential to launch the vehicle. In order to accelerate the engine crankshaft so as to rotate in a positive direction, the DNR has to be in reverse mode and the torque converter must be locked up † . In summary, appropriate operation of the clutches can launch the vehicle and restart the engine, whereas the energy flows from the flywheel to the vehicle and to the engine depend on the inertias and the load torques acting at both sides. Before the engine can deliver power to the wheels through the CVT, a series of clutch operations has to be performed. First, the lockup clutch should be open when the engine resumes ignition and fuel injection. After the engine works steadily above the idle speed level, the DNR has to be set to drive mode. The closure of the secondary clutch C ss is the final step to enable an energy flow through the CVT to the vehicle. Hence, four stages to operate the clutches are proposed:
• both the vehicle and engine are accelerated, • engine fuel injection and ignition are resumed, • synchronization of the secondary clutch, and • the engine delivers power through the CVT. Figure 5 shows the clutch states at the different stages. At each transition, at least one clutch changes its state. However, some clutches even change their state during one stage. Furthermore, the transition of the flywheel clutch from slipping to closed might take place at a different state, depending on the flywheel initial speed and the vehicle conditions (section 3.4).
Analysing the minimally required flywheel speed
As previously analysed, the energy for launching the vehicle and restarting the engine is provided by the flywheel. It is therefore essential to investigate what initial flywheel speed is sufficient for restarting the engine and vehicle. The engine can stably deliver power only when its rotating speed is beyond idling speed. Therefore, during the first stage of clutch operation as shown in figure 5 , the primary concern is to accelerate the engine and to resume ignition when the engine speed has reached the idling level. It is performed mainly by appropriately manipulating the clutch C f . The system dynamics are therefore governed by a set of differential equations given by equations (32)-(34). However, to reveal explicitly that T cf is the driving torque and T e is the driven torque, equation (32) is replaced by the following equation in this section.
To simplify the analysis, the drag torques T drag e at the engine and T rl at the vehicle are neglected. It is then clear that
When the engine reaches the idle speed ω idle e , the flywheel speed and the wheel speed can be derived from the above. ω sg is deduced using the relationship given in equation (6) . It is required that the flywheel can still launch the vehicle when the engine has reached idle speed ω idle e . Thus r f ω sg > ω w should hold. According to equation (6), ω sg depends on the rotating speeds of the flywheel and engine. Therefore, the minimum initial speed of the flywheel has to satisfy the following
where a constant factor c f > 1 compensates for model uncertainties.
Concepts for overall control
The SG powertrain requires a control system to realize its objectives, which are minimal fuel consumption and maximal driveability. The desired behaviour of the new driveline is obtained through controlling the engine torque, the CVT ratio and the clutches. The engine torque is controlled by an electronic throttle, whereas the CVT ratio and the clutches are controlled by hydraulic systems. The CVT ratio is controlled by manipulating the pressures on the primary and secondary pulleys, whereas the clutches are operated by the clutch actuation pressures.
As the SG powertrain is a switched hybrid system, it is desirable to apply different control laws for different modes. Thus, it requires a supervisory controller, which is more or less a logic event generator, to govern the control laws. Figure 6 gives the overall control structure for the SG powertrain that consists of two layers. The first layer is a DMS, including a pedal interpreter, a supervisor and a setpoints generator. The pedal interpreter translates the drive pedal input into a desired power or torque at the wheels. At low vehicle speeds, it is reasonable to interpret the pedal input as a desired torque at the wheels. The aim of the supervisory powertrain control system is to realize this torque. The supervisor manages the events such as when to open or close the clutches, when to shut down or restart the engine and so on. According to the output of the pedal interpreter and the supervisor, the setpoints generator produces the desired engine torque, the desired CVT ratio and the desired clutch states (including the torque if a clutch is slipping). The second layer controls the powertrain components such as a stepper motor and the valves of the hydraulic system to realize the setpoints generated by the first layer. In this paper, it is assumed that these component controllers already exist and that the SG powertrain together with its component controls constitutes the actual hybrid plant to be investigated. The setpoints generator consists of a number of control laws because the plant to be controlled is hybrid. Investigating equations (2)-(4), the continuous-valued inputs u should be replaced with hybrid inputs u k given by equations (10) and (11) to get a better performance. The overall control structure from a hybrid viewpoint looks like figure 7
Control hierarchy
where u k ∈ m k represent the continuous-controlled inputs and R ∈ s the reference inputs, whereas k ∈ is a discrete-valued index-state taking values from the discrete set . The function h k : n × s → m k represents a number of continuous control laws (vector fields), which will be detailed in the next section. These individual control laws are treated as modes.
The discrete states are embodied in equation (10) . The set of discrete states k n+1 might be characterized by the discrete transition function, depending on the current outputs y, reference inputs R and the current discrete state k n , ψ: n × s × → . Again, the transition from mode i to j can be predetermined through the following equation:
This is a transition that enables the system to jump from discrete state i to j . The transitions could be very complex if there are a lot of events to be issued. Matlab/Stateflow is a powerful tool to deal with this problem and is therefore used to design the supervisor. An example of these transitions for the SG powertrain is shown in figure 8.
Powertrain supervisor
As discussed in the last section, the supervisor issues the events to trigger the system jumping from one control law to another. A Stateflow representation of these events and transitions is given in figure 8 . First, on top of the figure are two blocks indicated as 'ZI' and 'SG' † . While the vehicle is at standstill and the engine shuts down, SG is only employed for launch if the flywheel has sufficient energy. 'ZI' has to be employed otherwise. Whenever the system enters the 'Stop' sub-block in either of these two blocks, the engine will shut down (an event called 'CutFuel' is responsible for that). This is the key activity to save fuel during idle-stop. Second, at the bottom of this figure, all blocks except 'StMs' and 'StEng' represent clutch operations. † A brief version for Stop-Go, which is another name for SG. Contrary to the model for one clutch given in Appendix A, which only has two (slip and stick) modes, in this model the clutches have at least three modes (open, close and slip) or even four (separating mode close into two). This means that the number of control laws is not necessarily the same as the number of plant modes. Third, the block 'StEng' defines the modes for the engine and the events that trigger the transitions between them. The state 'FuelCut' triggered by the event 'CutFuel', actually shuts down the engine during vehicle stops.
Pedal interpreter
An easy and intuitive way of interpreting the driver behaviour is obtained by associating the pedal position β with a desired torque T wd or desired power P wd at the wheels, such that is the speed at which the engine delivers maximum power. For β = 1, it is easily seen that P-int is not realistic when ω w < ω max ws because the engine speed ω p,max e cannot be reached, given the minimum CVT ratio. Similarly, the maximum torque at the wheels is bounded by the maximum engine torque and by the minimum ratio of the transmission. Thus, the maximum torque at the wheels cannot be reached either when ω w > ω max ws as it requires r cvt < r low . As a consequence, it is reasonable to interpret the driver input accordingly, i.e., the pedal position is associated with the desired torque at the wheels (T-int) if ω w < ω max ws and with the desired power at the wheels (P-int) otherwise. The transition between the two interpretations must be continuous with respect to the wheel torque. Numerical experiments showed that the choices f (β) = √ β and h(β) = β result in an acceptable interpretation. Summarizing
where the switching speed is given by
The suggested interpretation is given in figure 9 . It is noted that the design of the switch speed between T-int and P-int is ad hoc, but no further guide is available at this stage. Furthermore, T-int is especially relevant for the SG powertrain control problem because of the low vehicle speeds during launch. The desired torque T wd is the target when operating the clutch C f . However, until the engine power flow is redirected through the CVT, the (static) torque amplification from engine to wheels equals α v /α p , which is smaller than the maximum torque amplification through the CVT being 1/(r low r f ). Due to the fact that α p /α s > r low , the engine may not be able to overcome this load torque. Therefore, before the secondary clutch is closed, T wd has to be bounded
where T WOT is the engine torque when the throttle is in wide open position.
General ideas for controlling the SG
Although the stiffness of the drive shaft is not included in the model of the SG powertrain when developing the control strategies, it is included in the simulation model when evaluating the controllers. The compliant model reveals that inappropriate operation (e.g., stepwise torque changes) of the clutch generally introduces powertrain oscillations aggrevated by the clutch going from slip to stick and vice versa. Furthermore, inappropriate operation of the clutch C l complicates the control of the engine and the torque converter. An early release of C l results in the torque converter to transmit negative torque, which was earlier stated to be highly ineffective. A late release, in contrast, exerts an unnecessary load to the engine and may even render engine startup impossible. Thus, the clutch controls are summarized as follows. These strategies avoid the discontinuity from slip to stick or vice versa, and it also prevents the torque converter from transmitting negative torque while clutch C l is opened. Figure 10 (a) depicts a nomograph of the planetary gear set, revealing the kinematic relations. The symbols P, F and SG represent the primary pulley, flywheel and secondary gear, respectively, whereas SS refers to the secondary shaft, which is linked to the vehicle physically. The distance from the zero speed base along the horizontal axes indicates their speed level, whereas the radius of each circle indicates the quantity of the inertia. The uppercase indices denote special positions of the system. Index 0 shows the initial position where ω f0 > 0, ω p0 = 0. The torque acting at the flywheel clutch T cf pushes the (gray) lever to the left, whereas inertia SS moves to the right, which corresponds to the vehicle speeding up. Noting that the DNR is in reverse mode, it is assumed that position P 1 corresponds to ω e = ω idle e . Although the engine can deliver power steadily afterward, T cf keeps launching the vehicle until the DNR is in drive mode. Consequently, the lever is driven further left towards a position with index 2, corresponding to the flywheel clutch C f being synchronized (i.e., ω sg = ω ss ). Even though the flywheel still has sufficient energy, it can no longer accelerate the vehicle. Therefore, the primary pulley speed should not be allowed to decelerate this far, which can be accomplished by a series of clutch operations. Figure 10(b) shows the relevant speeds and torques of the planetary gear set when the DNR is in drive mode. The operations of the clutch C s and C f depend on ω ss . If ω s < ω ss < ω sg as shown by a shaded area in the figure, C s should not yet be synchronized, as this would cause a short deceleration of the vehicle. Although the synchronization of the clutch C f may take place as a result of T cf > 0, the vehicle can subsequently be launched by the engine through the planetary gear branch. T tur replacing T cf pushes the lever further left. The clutch C s is going to be closed when ω s = ω ss (e.g., when the flywheel reaches a position denoted by F 2 ). Once ω s > ω ss , it is reasonable to synchronize the clutch C s and to release the clutch C f . These operations enable the vehicle to be launched through the CVT while the flywheel maintains a positive rotating speed (negative rotation during very low vehicle speed region might be unfavourable).
Powertrain control strategies
The hybrid control strategy is applied as a result of the hybrid characteristics of the SG powertrain. It is to be expected that different control laws are applied for the different stages as given in figure 5 . The fact that the control laws might be different during one stage, however, is less evident. This section focusses on these issues.
Control strategy for the first stage
During the first stage, the torque converter is locked up, the secondary clutch C s is entirely open and the DNR set is in reverse mode. The mathematical representation for this stage is given by the mode 1 in Appendix B with T cd = 0. As the function of the clutch C f is to launch the vehicle and to restart the engine, the drive pedal position β determines the magnitude of T cf accordingly. It is obvious that
where T wd is a desired torque at the wheels interpreted from the pedal position. As the DNR is in reverse mode and ω slip cf > 0, T cf is indeed a driving torque for the engine, whereas T e becomes a drag torque T drag e < 0 and depends on ω e . The clutch slipping dynamics are further deduced asω
Replacing T cf with T cf sgn(ω slip cf ) in this equation would make the understanding of the dynamics of the clutch C f during slipping more easy. However, the sign of the clutch torque is already introduced in equation (1). Similarly, the sign of the clutch torque of T cr , T cd , T cs and T cf will not be explicitly given when discussing the slipping dynamics of the clutches C r and C d in section 4.2 and that of the clutches C s and C f in section 4.3.
This equation tells that the engine drag torque contributes to the increase of the slipping speed of C f (r r T e > 0). In fact, the engine drag torque prevents ω sg from decreasing too much. As a consequence, more energy stored in the flywheel can be used to launch the vehicle. However, after ignition of the engine when ω e > ω ign e , the engine torque T e changes from a drag torque to a driving torque and contributes to the synchronization of the flywheel clutch. An obvious drawback of this mechanism is that the energy stored in the flywheel may no longer be usable for accelerating the vehicle if the primary pulley of the CVT is decelerated unexpectedly. Hence, measures should be taken to avoid ω e to increase dramatically when the DNR set is still in reverse mode. One way to do so is by appropriately operating the drive clutch C d . How to control the clutch C d to achieve this aim is the subject of the next section.
Control strategy for the second stage
Provided that the flywheel has sufficient energy to ensure a positive slip speed over the flywheel clutch C f during this stage, the remaining problem is how to operate the clutches C l , C d and C r such that the torque converter lockup clutch is disengaged, and the DNR finally is in drive mode. Hence, three steps might be necessary being, consecutively, (1) open C l ;
(2) open C r ;
(3) synchronize C d . The initial conditions for this stage are that both the clutches C d and C f are closing and that the engine is resuming ignition. The model for mode 1 in Appendix B with T cd = 0 is used to describe the behavior of SG during the first step.
As previously mentioned, the engine only delivers power steadily once its speed exceeds the idle level ω idle e . The engine is therefore still accelerated by continuous operation of C f during the first step, but the process is also controlled through T cd and T e . A strategy to ensure that the engine runs steadily at the idle speed is to feed back the engine speed and to set the desired engine speed and torque to, respectively, ω cl ed = ω idle e and T cl ed = 0, whereas the desired torque for the clutch C d is set to T cl cdd , to be specified further on as
T cd = T cl cdd + k cl cd (ω cl ed − ω e ) (19) in which k cl e and k cl cd are control gains which remain to be determined. According to equation (32), analysing the equilibrium point (ω e = 0 at ω e = ω ed ) yields that
More specifically, for the purpose that the torque of the engine and of the clutch C d are continuous at ω e = ω ign , the control gains k e and k e cd have to satisfy (k cl e < 0, k cl cd < 0):
where T dg e is the engine drag torque at ignition speed ω ign . If the error e is defined as e = ω cl ed − ω e , then the error dynamics are given bẏ
Hence, the stability condition requires
which is the same as requiring the use of T cf to accelerate the engine to the speed where it can resume ignition can easily be satisfied. In stationary situations, the applied torques are related as follows:
The torque transmitted through clutch C l when closed is given by
in which J * tc is the inertia of the turbine and the CVT (see mode 2 in Appendix B). If the torque converter lockup clutch is released immediately after stage one, in which the engine is driven, the torque converter will coast down. Moreover, it results in a further unnecessary deceleration of the primary pulley as (1 − r r )T cd < ((|r r |α p )/α s ) T cf . Thus, disengaging the torque converter lockup clutch should be timed carefully. To this end, T e and T c,d are controlled in a coordinated way such that the torque converter does not transmit any torque when ω e = ω cl ed . That is to say that, at the time that the magnitude of T c,d rises to (|r r |/(1 − r r ))(α p /α s )T cf , implying that the primary pulley will no longer be decelerated, the engine torque must reach zero simultaneously. These requirements are guaranteed by equations (18) and (19) with previously specified desired engine and driver clutch torque, T cl ed = 0 and T cl cdd , respectively. Therefore, the operation of the torque converter clutch has no inappropriate consequences and introduces no serious torsional vibrations. Taking the hydraulic dynamics into account, one way to speed up the response of opening the lockup clutch is to only apply the pressure necessary to maintain the required closure of C l (i.e., T cl slightly larger than the absolute quantity of T c,l , in which T cl is the maximum torque that the lockup clutch can transmit because of hydraulic pressure and T c,l is the torque that the lockup clutch is transmitting † ).
Opening the lockup clutch C l shifts the system mode from 1 to 2 , and to 3 if the clutch C r is released shortly after the operation of C l . Suppose that C d is closing while C r is releasing, the slipping speeds ω slip cd and ω slip cr as given by equations (41) and (42) (Appendix B) and the dynamics of these slipping speeds are governed bẏ
The slipping dynamics of C d and C r are interactive through the terms T cd and T cr . More specifically, because of the term −1/ρ[(1/J t ) + ((ρ + 1)/J c )] > 0, clutch C r tends to break away as T cd increases, as ω slip cr = 0 and ω slip cd > 0 initially, whereas it is expected that the closure of C d could benefit from releasing C r , as it decouples the slipping dynamics of C r from that of C d . Suppose that the clutch C d is closing while the clutch C r is already closed, the torque † These two torques are the same when the clutch is slipping and different when the clutch is engaged. transmitted through the clutch C r is determined by
Investigation of the dynamics governed by equations (21), (39) and (40) reveals that T c,r is a driving torque for both J t and J c if T c,r > 0, which is the case if T tur < T cd < (α p /α s ) T cf . At such a condition, the velocities of the primary pulley and the turbine certainly decrease if the clutch C r is released entirely. Therefore, releasing C r entirely has to be avoided in this stage. In contrast, if T tur > T cd > (α p /α s ) T cf , T c,r becomes a drag torque unnecessarily preventing the speeds of the turbine and of the CVT from increasing. It is therefore reasonable to release the reverse clutch C r when T c,r varies from driving to driven (more exactly when T c,r = 0), but this would require the use of expensive torque sensors. An alternative approach is to open C r when ω t = ω cr td , where ω cr td is a desired rotating speed of the turbine. The closing process of the clutch C d is regulated according to the turbine velocity
Let T cr cdd = (α p /α s ) T cf , the dynamics governed by equations (37) and (38) is then governed by
The equilibrium analysis yields that
td ω cr ed in which ω cr ed and T cr ed are desired engine speed and torque of this step, respectively. Hence, r td , ω cr ed and T cr ed depend on ω cr td . The desired turbine speed during this phase is designed such that ω cr ed > ω idle e and ω cr td > 0. Linearizing the system around (ω cr ed , ω cr td ) gives
The stability of this phase is guaranteed if k cr cd < 0, dλ t /dr t < 0 and dc f /dr t < 0 for all torque converter ratios. Moreover, the engine torque has to be properly regulated such that the turbine speed does not increase in the transient.
At steady state
namely, T c,r = 0. Thus, the reverse clutch C r can be safely released. Similar to the method applied to speed up the response of the torque converter clutch, the pressure applied to the reverse clutch C r is maintained at a level just sufficient for engagement when required. After C r is open, synchronizing the clutch C d is the only operation left in this stage. Attention should be paid that closure of the drive clutch takes place at ω p = ω cd pd where the slip speed of the secondary clutch C s is almost zero, thereby ensuring that the secondary clutch synchronizes right after C d has closed. The control laws for the engine and drive clutch torques at this step are given by
where k cd e and k cd cd are feedback gains while T cd ed and T cd cdd are, respectively, desired engine torque and desired drive clutch torque. On the basis of the proposed control laws, equations (37), (39) and (40) are rewritten in a state-space format as follows:
Similarly, analysing the equilibrium points yields
Hence, r cd td , ω cd ed and T cd ed are related to ω cd pd , whereas T cd cdd equals T cr cdd . It is expected that the desired engine speed ω cr ed of the last step should equal ω cd ed . System linearization at the equilibrium point yields,
The stability of this step is guaranteed if k cd e > 0, k cd cd > 0 and once again dλ t /dr t < 0 and dc f dr t < 0 for all torque converter ratios. The drive clutch C d can be engaged completely when the system reaches the steady-state condition.
In summary, the subsequent control strategies at this stage are • accelerating the engine from ignition to idle speed is controlled by T e and T cd , • open the torque converter clutch after the engine has reached idle speed, • regulate T e and T cd such that the engine speed slightly increases and ω t decreases to ω cr td , • release the reverse clutch when ω t reaches ω cr td , • synchronize the clutch C d at ω p = ω cd pd , at which point the clutch C s is almost synchronized.
Control strategy for the third stage
During this stage, the main target is to synchronize the secondary clutch C s such that the vehicle is launched comfortably. A severe torque vibration at the drive shaft can be introduced if the secondary clutch is not properly operated. The main reason for this vibration is the fact that the torque at the clutch C s varies discontinuously when it goes from slip to stick. Therefore, this stage aims at reducing the mentioned discontinuity as much as possible.
requirement for the torque at clutch C s while going from open to close is theoretically expressed as T e cs = T + cs − T * cs = 0 at ω slip cs = 0 A further requirement during this stage is that the torque at the drive shaft is almost constant.
To that end, the following control law for the flywheel clutch is proposed:
According to this equation, the releasing behaviour of C f depends on the synchronization of C s . The considered system during this stage has two inputs (T cs and T e ) and two outputs (ω slip cs and T e cs ), whereas the goal of the control strategy is to let the outputs converge to ω slip cs = 0 and T e cs = 0 steadily.
Taking ω e and ω slip cs as states, a state-space description is given by
The desired torque of the turbine can easily be determined from these conditions. However, some additional conditions are necessary to determine the engine working point.After applying the mentioned controller, the system reduces to
The system stability requires that k cs e > 0, whereas k cs > 0 because of α sf − α ss > 0. When the system converges to the desired engine speed while the clutch C s is closed, T e cs certainly becomes zero, which implies that the torque at the secondary clutch changes continuously between open and closed. † For the case ω ss > r low ω p , the clutch C f may already be closed. The behaviour of the system is expressed by mode 5 before the closure of C s and by mode 7 afterwards. As the procedure for designing the control laws is quite similar to the one discussed earlier, we omit the complex analysis on how to design them. The control laws are given by
T cs = T csd + k cs ω slip cs (31) where
The engine is responsible for realizing the desired turbine torque.
Control strategy for the fourth stage
During this stage, the CVT is allowed to shift, and the engine and CVT are controlled simultaneously to realize the demanded torque or power at the wheels. If C f is opened, the system reduces to the conventional CVT powertrain, otherwise it is the ZI powertrain. The control of the CVT [30, 31] and ZI [12, 24, 26] powertrain is beyond the scope of this paper.
Numerical experiments
A comprehensive vehicle simulation package is applied for assessing the control laws developed. Different from the powertrain model used for developing the control laws, a tire model and actuator hydrodynamics for operating the clutches and CVT are included. Some numerical experimental results are given in figures 11 and 12.
The numerical results are based on a driver kick down at t = 1 s, requiring a full performance launch of the vehicle. It is shown in figure 11 that the vehicle is launched immediately and the engine speeds up immediately and resumes ignition after 0.2 s, all due to the torque of the clutch C f being increased between t = 1 and 1.2 s. Meanwhile, the torque of the lockup clutch C l † The above control law requires accurate information about road load T rl if T e cs = 0 has to be controlled precisely. More advanced feedback control laws may be necessary to overcome the road load disturbance. decreases (actually the pressure at its plates) so as to speed up the oncoming releasing process. During the second stage (approximately from t = 1.2 s to 1.6 s), besides clutch C f maintaining its torque, both the lockup clutch C l and the reverse clutch C r are being released while the drive clutch C d is engaging. A break-apart of the rotating speeds of the engine and the turbine indicates the release of C l . Furthermore, figure 11(d) shows that the release of C r prevents the primary pulley from speeding up further in a negative direction, whereas the engagement of C d brings its rotating speed back to a positive direction. The synchronization of the secondary clutch C s and the release of C f occur during the third stage (between t = 1.6 s and 2.8 s). The actual synchronization starts when ω s is significantly larger than ω ss . Figure 11 (c) shows the actual torque T w at the wheels. Comparing to the desired torque T wd given in figure 9 , which is 1600 Nm for the case of full open pedal, a difference appears. The initial torque level is limited by the fact that the engine needs to be able to balance the flywheel torque by the time the engine is delivering torque. Therefore, this initial torque level could actually be higher, but would then fall back once the engine was balancing the flywheel torque on its own. Once the engine is delivering power, the decline of the torque ratio of the torque converter as the vehicle speed increases, also contributes to the difference between desired and realized wheel torque.
The vehicle acceleration is given in figure 12 (a). The increase occuring around t = 1.8 s is due to the synchronization of the secondary clutch. As the clutch C s is smoothly operated, only little vibration is seen when the clutch is closed at t = 2.8 s. The resulting acceleration profile seems acceptable in terms of comfort as well as performance. According to figure 12(b), the vehicle speed increases immediately corresponding to the driver demand.
Conclusions
In order to save up to 10% of fuel during standstill of a vehicle in city driving (known as idlestop), the SG powertrain is proposed and analysed. The proposed SG powertrain adds two clutches and one flywheel in comparison to a conventional CVT powertrain. The kinematic energy stored in the flywheel allows shutdown of the engine during vehicle standstill. However, the control of the clutches plays a key role in order to immediately restart the engine and simultaneously launch the vehicle comfortably when requested.
The control of the clutch is a demanding issue for most cases because of the hybrid characteristics. Together with many nonlinear components, interdependent operation of the clutches makes the SG powertrain even more difficult. A hybrid control strategy is applied, which allows different control laws for the different stages of the SG operation. Appropriate feedback plus feedforward control laws and their stability for each stage are analysed throughout the paper, but the overall stability of the hybrid control is assessed by numerical experiments. Avoiding discontinuities during clutch synchronization is vital for reducing drive shaft oscillations.
The numerical experiments prove the ability of the hybrid controller to shut down the engine during vehicle standstill and to manipulate five clutches to restart the engine and launch the vehicle when demanded.
Further assessment of the control strategy on a testrig is necessary before it is tested in a car. Moreover, the simulation package only includes simplified hydrodynamical models of the actuation systems that drive the clutches. Therefore, the desired torque at clutches might not be realized so precisely as assumed within this paper. Especially, during the second stage, the clutches are required to be manipulated in a highly cooperative manner. So, the future control developments require more realistic models of the various hydraulic systems.
clutch system is said to be in mode 1 , consisting of two continuous parts with equations
where J 1 and J 2 are the respective inertias of the active and passive parts of the clutch and T 1 and T 2 are the torques applied at each side. T c is the clutch torque which is assumed to be directly proportional to the actuation pressure. In contrast, if the clutch is sticking, the clutch is said to be in mode 2 . Its behaviour is governed by the differential equation with the form
where ω 1 = ω 2 = ω. The mathematical representation of the clutch shifts between 1 and 2 during various operations. Clearly, it is a switched type of hybrid system. The set = {q 1 , q 2 }, in which the elements q 1 and q 2 correspond to modes 1 and 2 , respectively, represents discrete states of the clutch. The discrete events determine a transition between q 1 and q 2 , given by
in which δ is a small nonnegative constant, whereas T cs is the clutch stick torque. Introduction of δ can avoid a numerical problem when the system approaches zero slipping speed.
Mode 9 (C r is open, C l , C d , C f and C s are closed). In this mode, the powertrain dynamics can be expressed by one equation, being (J eq + J wq r 2 )ω t = T e − T rl r − J wq ω e rṙ (50)
where
The states are x 9 = [ω e ] T and the inputs are u = [T e ,ṙ] T . The wheel speed is given by ω w = ω e r. The discrete set = {q 1 , q 2 , q 3 , q 4 , q 5 , q 6 , q 7 , q 8 , q 9 } has nine elements, where each element corresponds to one mode with the same index. The transition from one element of to another switches the hybrid system from one mode to another. The definition of these transitions q ij is similar to that in Appendix A, because one transition corresponds to one clutch changing its state from slip to stick or the other way around. However, the complexity will increase because of the fact that more clutches require to be operated. Matlab/Stateflow is therefore used to deal with the various transitions.
